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ABSTRACT

Single electron capture and ionization cross sections have been

calculated for collisions of He++ with Li over the relative collision
<8
velocity range 0.1-10.0 x 108 cm/sec. For low collision velocities (i.e.,

v = 0.1-0.6 x 108 cm/sec), a molecular approach has been used to determine

the electron capture cross section. Ab initio potential energy curves

and coupling matrix elements have been computed for the (HeLi)+ + system

and used in a cross section evaluation based on the perturbed-

stationary-state method. For the low velocities, the electron capture

.++ + +
reacbtion He + Li - He (31) + Li is found to dominate the collision

process and proceeds with a large cross section, a o 1015 cm 2 , thus

providing the possibility for population inversion and the subsequent

emission of Lyman-a (304 2) and Lyman-0 (256 A) soft x-ray photons. At

8
the higher velocities (i.e., v=1.4-10.0 x 10 cm/sec), a classical-trajectory

Monte-Carlo method has been used to estimate both the electron capture and

ionization cross sections. At 2.2 x 108 cm/sec, both cross sections are

found to be equal, while one ionization dominates the collision process at

higher velocities and electron capture dominates at lower velocities.
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INTIODUCTION

The search for possible reactions that can give rise to VUV and x-ray

radiation has recently centered on charge transfer reactions of multiply

charged ions colliding with neutral species. The idea of using electron

1
capture reactions was proposed by Vinogradov and Sobelman and is based

on the premise that collisions of the type

A + q B - A+ q - 1 +B (1)

preferentially leave the A+ q - 1 product ion in a highly excited electronic state,

which subsequently decays to its ground state with the emission of WV or x-ray

photons. The experimental methods needed to utilize reaction (1) to make a

superradiant or laser VUV or x-ray light source are very difficult and complex.
23

However, Louisell et al. and Anderson et al. 3 have proposed an experimental

setup to make a soft x-ray laser based on reaction (1).

A fundamental issue in the use of reaction (1) to produce an x-ray

laser is the specific choice of reactants. Consideration must also be

given to the optimum collision velocity for producing a specific electronic

level, the possible, contamination of lower lying electronic levels that

may preclude a population inversion, and whether or not the reaction can

be realized experimentally.

One of the first restraints to consider is collision velocity.

Generally, for high velocity collisions (v p 2 x 108 cm/sec), the excita-

tion of the A +q-ion after electron capture tends to be spread over many
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4
electronic levels. Thus, the cross section for producing a specific

electronic state is small and the possibility of generating a population

inversion is reduced. Also, the charge transfer cross sections decrease

rapidly with increasing collision velocity, even when the charge state of

+q 5
A q is large.

However, even if we restrict ourselves to low velocity collisions,

another restraint on the choice of collision partners must be acknowledged.

For the more highly charged ions and many electron atomic targets, the

reactant state lies in the continuum of the ionization + electron capture

process
A+ q 

+ B A+q-1 
+ 

+"*+ . + B + + e (2)

Hence, we may not only have electron capture to high lying states of

+q-1 +q-1
A via (1), but also population of low-lying states of the A ion

via reaction (2), thus removing the possibility of population inversion.

Zwally and Koopman6 very early recognized the Importance of process (2) in

+4
the analysis of their C + Ar cross section data and,more recently, Winter

7
et al. have also shown reaction (2) to be an important process for

collisions of multiply charged ions with many electron targets such as

Ne and Ar.

Cognizance of the above restraints on the choice of a specific

collision system has lead us to search for a reactant combination in

which the target atom B is light and the A+q ion is such that it will

+q- 1
yield a specific A electronic level after collision. After surveying

3



8,9
many systems using semi-empirical theoretical methods, we were lead to

consider a more serious calculation on the (HeLi)+ + system.

Our present calculations indicate that at low collision velocities

7
(v 4 6 x 10 cm/sec), the electron capture reaction

+ +  + +
He + Li-He Li (3)

preferentially produces excited He+(3A), which will decay either directly to its

ground state with the emission of a 256 X (48.4 eV) photon or by cascading

via the He +(21) level with the emission of 1640 X (7.6 eV) and 304

(40.8 eV) photons.

Potential energy curves and cross sections for reaction (3) are

presented below. We have used two theoretical methods--a molecular

approach for low velocity collisions and a classical-trajectory Monte-

Carlo method for high velocity collisions--in order to predict the cross

sections for electron capture, reaction (3), and ionization

He++ + Li -He ++ +Li + e (4)

over the range of velocities v = 0.1-10.0 x 10 cm/sec.

MDIECUIAR WAVEFUNCTIONS AND ORBITALS

The wavefunctions for the doublet sigma and pi states are given in

Tables I and II. Each term represents a Slater determinant consisting

of Slater orbitals. The coefficients of minus R in the exponential term

of the Slater orbital are given in Tables III and IV. The orbitals

4
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enclosed in parentheses are spin-paired.

There are three charge configurations to account for in the system:

Lie + + , Li+He + , and Li ++He. The first 12 terms of If and the first 6

terms of y correspond to Lile . Terms 13 through 21 of y and terms 7
IT+

through 10 of T correspond to Li +He + . Finally, the last 7 terms of T.
Tr

and the last 2 terms of Y account for Li He.

An attempt has been made to achieve the proper spacing of the energy

levels in the three systems. "Correlation" terms of the type (ls ls') and

(2p)2 have been included to lower the energy of the more correlated terms

of the separated subsystems. To account for the polarizabilities

of the separated subsystems, we have included orbitals that represent

Z times some of the more important atomic orbitals.

The potential curves and coupling elements between the more important

states have been computed by means of the computer programs of the

Molecular Physics Group of the University of Texas at Austin. The coupling

terms computed and inspected for significance include the L rotationalx

coupling matrix elements between sigma and pi states with origins at the

center of mass, LI atom, and the He atom. The d/dR coupling elements between

the sigma states were computed with the origin at the center of mass.

The latter computation was performed by differentiating the expansion

coefficients in the wavefunction numerically with respect to internuclear

separation.

The potential energy curves obtained from our calculations are shown



in Fig. 1. We should note that the molecular state E 4 correlating to the

He + Li system crosses the He (3) + Li manifold at R values ranging

from 33-44 a . We have performed Self-Consistent-Field (SCF) calculations to inves-o

tigate this outer crossing region and are able to conclude that at the collision

velocities of interest here, the particles proceed diabatically onto the

E4 state. Only for thermal energy collisions will an electron capture

cross section of 10 cm result from the long range interactions, the

products being He+(3A) + Li+ .

There is an avoided crossing between the E4 and E 5 states at Rs5.5 a0 .

Landau-Zener calculations indicate that the probability that the particles will

follow the diabatic potential ( 4 for R> 5.5 a and E5 for R< 5.5 a )

is close to unity. Hence, for our low velocity cross section evaluation

we need be concerned only with the interactions between E for R > 5.5 a
4 0

and E 5 for R < 5.5 a with other close-lying E and 11 states. From the

computed L rotational coupling matrix elements and the d/dR radial coupling
x

matrix elements, we are able to conclude there is only one significant

interaction: rotational coupling to the 2 state whose separated atom

products are He+(3p) and Li+ . The computed rotational coupling matrix

elements and the potential energy differences between these states are

given in Fig. 2. We should caution that although

the electron capture proceeds to a state correlating to He+(3p) + Li

long range interactions between all the states arising from He (3A) + Li

will considerably distort the product distribution. At this time, we are

unable to predict the specific product distribution among the 3s, 3p, and

3d levels of He + .
6



CROSS SECTION EVALUATI 01

A. Low Collision Velocities

The low velocity electron capture cross section evaluations were

10
carried out using the perturbed-stationary-state approximation. In

this approximation, the particles follow straight-line classical trajec-

tories while the electronic transitions are treated quantum mechanically.

Because of the nature of the (LiHe)+ + interactions, it is necessary to solve

only two coupled equations of the general form:

dc (C)
-- - j(C) exp[-iw (C)] c () (5)

j ii ii j

In Eq. (5), C is related to the impact parameter b and the internuclear

2 2 2
separation R by C R -b * The interaction potentials V arise in (5)

as differences via

WWj(C) 1 C (6)

-v (Vs-V) d

while the matrix elements for rotational coupling are given by

b
r =-L (7)
ij R ij

The total cross section for a transition from channel i to channel j is

then given by

Qj- 2  " db bic 12 (8)

0
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Fig. 2 gives the necessary potential difference and rotational coupling

matrix element information needed for the cross section evaluation for the

electron capture reaction

He + Li -He+(3) + Li (9)

In Fig. 3 the cross sections for reaction (9) obtained by solving

Eqs. (5-8) are shown by solid circles. The cross sections

-15 2
rise with increasing velocity and are large, a m 10 cm

Since we have not included electron translational factors in the cross

section evaluations, it is not valid to extend the calculations to collision

velocities comparable to the orbital velocity v of the electron beinge

captured. Hence, for reaction (9) we have restricted our calculations to

08

collision velocities v v e , where for a Li atom target, v e- 1.4 x 10
e e

cm/sec.

As a rough estimate of the cross section sensitivity, we have varied

the potential differences given in Fig. 2 by + 50% and have recalculated

the cross sections. The cross sections changed by +60% and -40%, almost

linearly with the potential difference change. We have also investigated

the effect of changing the origin for the coupling matrix element evalua-

tion from the center-of-mass to origins on the Li or He nucleus. The

cross sections varied only slightly with these changes, less than + 10%,

and hence may be considered insignificant. Given the probable

accuracy of the potential curves relative to one another, our estimate

of the cross section accuracy is approximately t 50%. However, we do not

i+
expect the collision mechanism, that is, production of He+(3.t), to be changed

S1



by reasonable variations in the potential curves.

B. High Collision Velocities

For the high velocity collisions, we have used a classical-

trajectory Monte-Carlo method that has been previously described in

11
detail. This theoretical method is based on solving Hamilton's

12
equations of motion for a three-particle system. Basic to the successful

application of the method to interactions between charged projectiles and

a hydrogenic target is the classical description of the target atom developed

by Abrines and Percival.13 Percival and Richards14 have previously argued

that the classical-trajectory method will be valid for collision velocities

v v , which for a Li atom target corresponds to v b 1.4 x 108 cm/sec.
e

The classical-trajectory method has been successful in predicting

the electron capture and ionization cross sections for collisions of

multiply-charged ions and atomic hydrogen targets. 1 For our application

to the (LiHe)+ + system and reactions (3) and (4), it is necessary to

describe the Li atom target as an active electron and a point charge for

the Li+ nucleus. We have taken 5.39 eV (the ionization potential for Li)

as the energy for the orbital electron and 1.3 as the charge for the Li+

nucleus The value of 1.3 is consistent with Slater's rules1 5 for the

nuclear charge seen by the Li valence electron and is very close to the

value of 1.28 obtained by Clementi and Roetti16 In their optimization of

a single zeta basis set for Li.

9 1



The results of classical-trajectory Monte-Carlo calculations are

displayed by open symbols in Fig. 3. Electron capture dominates

the collision process at veiocities v 4 2.2 x 108 cm/sec, whereas the

ionization process dominates at the higher velocities. At the highest

velocities we have also investigated the possibility of electron capture

or ionization out of the core of the Li atom. No significant contribution

was obtained.

As mentioned in the Introduction, the electron capture cross section

generally decreases precipitately with increasing velocity when

8
v b 2 x 10 cm/sec, as shown in Fig. 3. Also, at the higher velocities the electron

capture proceeds into a band of electronic levels that broadens with

increasing velocity, thus removing the selectivity of the excited electronic

states produced. In the classical-trajectory calculations we have

monitored this latter behavior by tabulating the energy of the captured

electron after collision. At a collision velocity of 1.4 x 10 cm/sec, we

+

find 7% of the electrons are captured in the n=l state of He , 46% in n=2,

23% in n=4, and 6% in n=5. With an increase in the collision velocity to

2.2 x 108 cm/sec, this distribution broadens to 7% in n-l, 27% in n=2,

19% in n=3, 13% in n=4, and 10% in n=5. Hence, at collision velocities

v b v , it appears that it will be difficult to realize a population
e

inversion, even though high lying electronic levels of the ion are

produced.

10
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CONCLUDING REMARKS

Electron capture and ionization cross sections have been calculated

for the He+ + Li system over a wide range of collision velocities,

v = 0.1-10.0 x 10 8cm/sec. At low velocities, v C, 6 x 10 ca/sec, the

calculations indicate He +(3.) will be selectively produced during the

++
collision. Thus, it appears the He + Li system

0
will very efficiently produce soft x-ray photons at wavelengths 256 A

and 304 X

The optimum conditions under which a population inversion could be

attained are also discussed.

It appears that low velocity v < v ecollisions will be most efficient in

this regard, at higher energies the product state distributions tend to

broaden considerably and also the cross section for electron capture

decreases rapidly with increasing velocity. It should be noted,

however, that in low velocity collisions between multiply-charged ions and

many electron target atoms, the ionization + electron capture process,

reaction (2), will be very important. This process tends to leave the

product A ion in a low lying excited or ground state, thereby removing

the possibility for population inversion.
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TABLZ I

SIGMA WAVEFUNCTION

2 2S + A (IS )2 3 SL  )24SLj + A4(2PL

-Al( L) 2  oS U + A3(SLL)
4 L + 1SLi)2L

(PLP)SL + A6 (1SL4) PLi +7'L LSL

+f2 off+ A ~~L±~L~ Su.+ 6 (SL) ~L±+ .7 (SLi 4 L'± +S (1s.)2 5 P u

A(2pL )2 3PL + Ai0 (2p-L2P )3pL1 + Al(1S 2p )2S + A( 2 pLj

S If 
I o I 

I If

+ Ai,(1liSL )3d + A14(JSLSL)lSB + A 15(iSlSLd2S.

+A (i s i )2p%"  S v IS of )3S + A1(iS ,I iS If)3p
16 U Li + 1 iLe U U

+ A9(iS LlSLi)SL + A 2 30(SLilSL )4SBe + A21(SisL ) sl4pHe

of I III of of III III+ A221lhkS.e )SLL + A23(SHe2 SHiSLL + A24(1SlSe
2PLL

+ A2 S (1Se1SLi)
2SiHe
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TABLE 11

PI WAVE FUNCTION

y~ +3 2 +.31)2 4 Lo Li

1 BSi 3(2 1 2 Li3p (lLi +)Sj22+

4 Li +L 151 2 ULi + 45 P '6('SLL) PU.

+4 B7 (1SLis ")2pui + B8( (1 1Sto)3p+j + 39 (lSils i) 3 +

+~ i 31(SItS4p+ + Bll(is 2p+')1Si

+ 1 3(lSHb1SLiL) 2 phe



TABLE III

SIGMA ORBITALS

ORBITAL EXPONENT ORBITAL EXPONEN1T

iSLi 2.6864 iSlHe 2.0000

1SLi 3.2949 1 Sh 1.0000

2.0790 is 2.1832
1 5L. 'lit

iSL, 3.0000 1SHe 1.1885

2SL:L  0.6374 2SHe 1.0000

2p0

o I He
21pZ. 3.9756 2p H 2.1832

+ 2 1.1885

2PL:L  Hle

0' 2pol 0. 4868
2P:L 2.6864 2e

2pOff 0.5256 3 SHe

3SL 0.9563 3P:. 0.6667

p~o, 0.6374 3dje
3Li
40 4S* 0.7183

4p 0 0.9563 4pe 0.7285

- 5p~.1

1.6



TABLE IV

Pl ORB ITALS

ORBITAL EXONENT ORBITAL EXONENT

is L 2.6864 iHe2.0000

1 +-

is Ll3.2949 2pw 1.0000

IS91 2.0790 2 10.4868

1"L, 3.0000 3pe0.6667

2SL± 0.6374 3d4a 0.6667

2pj 4pio 0.7285

2p~i 4.0144

2 +1 2.6864

2pL, 0.5256

3p~j 0. 6374

4p + 0. 967
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FIGURE CAPTIONS

4-+ 2
1. Potential energy curves for the (HeLi) system. Solid lines denote -

molecular states; dashed lines denote 21, molecular states. Note the

diabatic potential curves that correlate to the He + Li reactants,

E5 for R 4 6.0 a and E4 for R b 6.0 so. These states are coupled

strongly via rotational coupling to the Il state which dissociates

to He+(3p) + Li

2. Rotational coupling matrix element and potential energy difference

between the 12 state of He+(3p) + Li+ and the EZ5 (for R 4 6.0 a )

and Z4 (R b 6.0 a ) states which correlated diabstically to the

He + Li reactants.

3. Calculated electron capture cross section for reaction (3) using a

molecular approach that is appropriate for low velocity collisions,

solid circles, and a classical-trajectory Monte-Carlo approach that

is valid for high velocity collisions, open circles. The ionization

cross section for reaction (4) calculated using the classical-

trajectory Monte-Carlo method is shown by the open triangles.
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